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(E.D. Sone).Over the last several years, signiﬁcant progress has been made toward understanding the mechanisms
involved in the mineralization of hard collagenous tissues, such as bone and dentin. Particularly notable
are the identiﬁcation of transient mineral phases that are precursors to carbonated hydroxyapatite, the
identiﬁcation and characterization of non-collagenous proteins that are involved in controlling mineral-
ization, and signiﬁcant improvements in our understanding of the structure of collagen. These advances
not only represent a paradigm shift in the way collagen mineralization is viewed and understood, but
have also brought new challenges to light. In this review, we discuss how recent in vitro models have
addressed critical questions regarding the role of the non-collagenous proteins in controlling mineraliza-
tion, the nature of the interactions between amorphous calcium phosphate and collagen during the early
stages of mineralization, and the role of collagen in the mineralization process. We discuss the signiﬁ-
cance of these ﬁndings in expanding our understanding of collagen biomineralization, while addressing
some of the limitations that are inherent to in vitro systems.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
In vertebrates, the formation of hard connective tissues, such as
bone, dentin and cementum, involves the deposition of calcium
phosphate within a collagenous matrix, which forms a common
building block for these tissues. Understanding the process of min-
eral deposition in collagen is imperative to the development of
treatments for mineralization related diseases, and may also have
important implications for the design of bioinspired materials. Sev-
eral aspects of collagen biomineralization have seen dramatic
shifts in viewpoint, and critical gaps in understanding remain.
While the structure of mineralized collagen is now well under-
stood, how mineral precipitates with the spatial and hierarchical
order found in native tissues is still largely unknown. While
in vivo exploration of biomineralization is complex, simpliﬁed
in vitro models can be used to systematically examine speciﬁc as-
pects of collagen mineralization. Here we review current questions
in the ﬁeld of collagen biomineralization and recent progress using
in vitro models in pursuit of answers.r Inc.
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Open access under CC BY-NC-ND lice1.1. Structure of mineralized collagen
Early X-ray diffraction studies of bone and teeth showed that
mineralized tissues contain both organic and inorganic material,
consisting of collagen and crystalline apatite, respectively (Clark,
1931; de Jong, 1926). Soon after, Robinson and Watson (1952)
showed that carbonated hydroxyapatite (apatite, in short) crystals
exist within collagen with their c-axis nearly parallel with the long
axis of the collagen ﬁbril. The crystals are known to be around 2–
6 nm thick, 30–50 nm wide, and 60–100 nm long (Beniash, 2011).
The ﬁrst proposal for the 3-dimensional structure of collagen came
from the famous electronmicroscopic study by Hodge and Petruska
(1963). Their observations led to the quarter staggermodel inwhich
neighboring collagen molecules are offset by a distance of 67 nm
(Fig. 1A). Over the years, this model was further reﬁned and the de-
tailed crystal structureofmicroﬁbrilswasdescribed in2006 (Fig. 1B)
by Orgel et al. (2006). Several studies have shown that mineral
nucleates preferentially within the gap regions of collagen ﬁbrils
(Jackson, 1957; Robinson and Watson, 1952; Traub et al., 1989)
(Fig. 1C), wheremost crystals arewell organized into parallel arrays,
in almost continuous dark bands (Traub et al., 1989) (Fig. 1D). It is
important to note that while the mineral precipitates preferentially
in the gap zones of collagen ﬁbrils, the crystals have been shown to
grow in dimension and eventually exceed the size of the gap zone
(Landis et al., 1993; Traub et al., 1989). Further, mineral exists both
within, and exterior to the collagen ﬁbrils. It is generally accepted,
however, that the majority of the mineral exists within the ﬁbrils.nse.
Fig.1. (A) Cryo-transmission electron microscopy image of a collagen ﬁbril. Black
circle: ﬁducial gold marker for electron tomography. Scale bar: 50 nm. Inset:
schematic representation of a collagen ﬁbril, adapted from (Orgel et al., 2001), with
permission from Elsevier. Copyright (2001). (B) Unit cell of the crystal structure of
collagen, comprising one 67 nm repeat. Adapted from (Orgel et al., 2006), with
permission. Copyright (2006) National Academy of Sciences, U. S. A. (C) Schematic
representation of hydroxyapatite crystals forming in the gap regions of collagen.
Adapted from (Landis et al., 1993), with permission. from Elseiver. Copyright
(1993). (D) Transmission electron microscopy image of a section of mineralizing
turkey tendon. The dark bands in the collagen constitute hydroxyapatite platelets in
the gap region, viewed face-on. Scale bar: 200 nm. Adapted from (Traub et al.,
1989), with permission. Copyright (1989) National Academy of Sciences, U. S. A.
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Collagen mineralization was initially viewed as a classical pre-
cipitation and growth of apatite crystals directly from interstitial
ﬂuid, which is supersaturated with respect to several calcium
phosphate phases (Clark, 1931; Hodge and Petruska, 1963; Robin-
son and Watson, 1952). The nature of the mineral phase in bone
was reconsidered in the 1960s, due to poor X-ray diffraction pat-
terns and variations in the chemical compositions obtained from
biological calcium phosphates, as reviewed by Boskey (1998) and
Rey et al. (2009). It was suggested then that there was an amor-
phous phase, which exists in addition to the crystalline apatite
phase as a transient precursor (Termine and Posner, 1966). This
was supported by the solution precipitation experiments of Eanes
et al. (1965), who showed that under near physiological conditions,
early precipitates are amorphous and later transform ﬁrst into
octacalcium phosphate (OCP) and only then hydroxyapatite
(Blumenthal et al., 1972; Eanes et al., 1965; Eanes and Posner,1970; Meyer and Eanes, 1978; Termine and Posner, 1970). Taken
together, these observations show that calcium phosphate precip-
itation in vitro is kinetically driven, meaning that the mineral does
not crystallize directly into the most thermodynamically stable
product. Instead, it precipitates ﬁrst as the kinetically most acces-
sible form, in this case ACP, which subsequently transforms into
the most thermodynamically stable phase. The mechanistic details
of calcium phosphate precipitation and nucleation in vitro have
been extensively investigated recently by Habraken et al. (2013).
Nevertheless, in the absence of convincing in vivo evidence of
any precursor phases including amorphous calcium phosphate
(ACP) (Roberts et al., 1992), it became generally accepted that
although ACP and OCP form in in vitromodels, they were not likely
to form in normal in vivo mineralization. Further, the disordered
nature of both the amorphous phase and biological mineral made
it extremely difﬁcult to separate the two. This has been reviewed
thoroughly by Johnsson and Nancollas (1992).
More recently, however, increasing in vivo evidence of transient
precursor phases has become available through the application of
sensitive techniques with minimal sample preparation artifacts.
Crane et al. (2006) showed, using Raman spectroscopy, that OCP-
like intermediary phases exist in living mouse calvarial tissue. La-
ter, the presence of transient ACP was reported in mouse enamel
(Beniash et al., 2009), growing zebraﬁsh ﬁn bones (Mahamid
et al., 2008, 2010), and in rat calvaria and long bones (Mahamid
et al., 2011). Mahamid et al. (2010, 2011) further showed that min-
eral is released in globules (presumably ACP) from cells at the
growth zone. The globules, interspersed within the collagen ﬁbrils,
then transform into apatite. These results are consistent with pre-
vious NMR studies that identiﬁed the presence of protonated phos-
phate groups that are part of non-apatitic components in bone (Wu
et al., 1994). Taken together, these observations have precipitated a
paradigm shift in the view of the mineral formation pathway in
connective tissues. The origin of the mineral, and how it inﬁltrates
the collagen ﬁbrils are still unknown. Several in vitro models have
attempted to elucidate the mechanisms involved, as will be dis-
cussed in this review.
1.3. Non-collagenous proteins
It is clear that not all collagenous tissues mineralize. In some in-
stances (e.g. in the attachment of the tooth root to the jaw bone via
the periodontal ligament) mineralized (bone and cementum) and
non-mineralized (periodontal ligament) tissues are sharply juxta-
posed. Extracellular matrix non-collagenous proteins (NCPs) are
believed to control several aspects of the mineralization, speciﬁ-
cally through mechanisms of inhibition and promotion by phos-
phoproteins and proteoglycans (Beniash et al., 2000; Chen et al.,
1984; George and Veis, 2008). The discovery of dentin phospho-
phoryn (DPP), by Veis and Perry (1967), was the ﬁrst evidence of
phosphoproteins involved in mineralization. DPP was found to be
particularly rich in serine, aspartic acid and glutamic acid residues.
They hypothesized that this heavily phosphorylated, acidic protein
was capable of nucleating hydroxyapatite, when bound to the col-
lagen superstructure in bone and dentin (George et al., 1993; Veis
and Perry, 1967). This paradigm supported epitaxial growth of
hydroxyapatite, associated to collagen bound NCPs.
Currently there are several known non-collagenous proteins,
which are believed to control mineral deposition, orientation, and
phase (reviewed by George and Veis (2008)). As such, in vitro inves-
tigation into the role of proteins in mineralization has been exten-
sive. Some of the ﬁrst models used gel precipitation to analyze the
effect of speciﬁc proteins such as bone sialoprotein (BSP) (Boskey,
1989; Hunter and Goldberg, 1993; Silverman and Boskey, 2004).
However, while these systems provided valuable information on
the role of the protein in the precipitation of hydroxyapatite, they
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proteins, and collagen. It has been shown that protein concentration
and whether the protein is free or immobilized can profoundly af-
fect function in precipitation models (Boskey at al. 1990; Stetler-
Stevenson and Veis, 1983; Termine, J. D., Conn, K. M., 1980).
Much of the in vivo evidence regarding the role of speciﬁc pro-
teins comes from their distribution and genetic knockout studies.
However, many proteins involved in mineralization, (such as oste-
opontin (Sodek et al., 2000)) have multiple roles, complicating
interpretation. Tissue localization can give clues as to the role of
a protein, but does not provide any true functional information,
especially with regards to proteins with diverse functions (McKee
and Nanci, 1996). Further, biological redundancies limit the effec-
tiveness of knockout models. While some knockout studies provide
clear evidence for mineral inhibition or promotion, such as the case
of matrix gla protein (MGP) knockout (Luo et al., 1997) others pres-
ent with weak phenotypes, limiting the information which can be
attained (Boskey et al., 2002).
In vitromodel systems can alleviate many of the issues posed by
in vivo models. More speciﬁcally, there has been particular success
using in vitro models which mimic the mineralized collagen ﬁbril.
These models of collagen mineralization employ various collagen
substrates, ranging from reconstituted collagen to natural tissues.
It is well known that collagen alone will not mineralize in vitro
with the same collagen-mineral relationships found in native min-
eralized collagen (Bachra, 1972). Even the more successful at-
tempts could not achieve intraﬁbrillar mineralization (Iijima
et al., 1994; Saito et al., 1997). Recently, however, Gower and co-
workers succeeded in recreating intraﬁbrillar mineralization using
a variety of collagen subtrates (Olszta et al., 2007). Their model
uses polyaspartic acid to mimic soluble non-collagenous proteins
(as described later). This work and several others that followed
have had a profound effect on the envisioned role for non-collage-
nous proteins in collagen mineralization.1.4. Scope
In the last years, several in vitro systems have been developed,
based in large part on the work of Gower and co-workers (Olszta
et al., 2007), with the aim of addressing outstanding questions
on the mechanism collagen biomineralization. The aim of this re-
view is to discuss how these recent in vitro studies have provided
details, at the molecular level, on the interplay between collagen,
the mineral and the NCPs. While other recent reviews have ad-
dressed in vitro studies, along with structure, properties and for-
mation of bone (Beniash, 2011; Olszta et al., 2007; Rey et al.,
2009), here we focus exclusively on in vitro, cell-free models of col-
lagen mineralization in order to highlight the mechanistic details
of the mineralization event. We divide the review into four differ-
ent sections, each focusing on outstanding questions relating to a
speciﬁc issue, as outlined below:
(1) The role of the non-collagenous proteins: these proteins are
essential for proper osteogenesis and dentinogenesis in vivo.
How do they modulate collagen mineralization?
(2) The role of precursor phases: how does the amorphous cal-
cium phosphate inﬁltrate into the collagen? What controls
its transformation into apatite?
(3) Mineralization in the gap region: how is the spatially-con-
trolled deposition of mineral in the gap region regulated?
(4) The role of collagen during mineralization: there is increas-
ing evidence suggesting that collagen actively controls apa-
tite formation during mineralization. What is the role of
collagen in this process? How does it interact with the
mineral?2. The role of non-collagenous proteins
In this part of the review, we discuss how in vitro models have
been exploited to help better understand how NCPs control apatite
formation in collagen. Three major approaches will be described:
systems which employ synthetic polymers capable of mimicking
the activity of the NCPs; models where recombinant proteins are
used directly to probe the function of speciﬁc NCPs in inducing
or inhibiting collagen mineralization on reconstituted collagen;
and experiments using demineralized tissue containing matrix-
bound NCPs.
2.1. Polyaspartic acid as a substitute for non-collagenous proteins
The ﬁrst study to successfully obtain intraﬁbrillar mineraliza-
tion of collagen in vitro was reported by Olszta et al.(2007), fol-
lowed by Deshpande and Beniash (2008). These studies showed
that the formation of apatite crystals inside the collagen, with
the same morphology and crystallographic orientation as found
in bone, could be obtained by substituting polyaspartic acid (pAsp)
for NCPs in the mineralizing solution (Fig. 2). Polyaspartic acid
mimics the NCPs as they are also highly negatively charged. Two
different mechanisms were proposed for their activity in promot-
ing intraﬁbrillar mineralization. In their ‘‘polymer-induced liquid
precursor’’ (PILP) hypothesis, Olszta et al. (2007) suggest that pAsp
acts by inhibiting apatite nucleation in solution and stabilizing the
formation of a liquid-like, highly hydrated ACP phase. The poly-
mer-stabilized ACP is thought to inﬁltrate into the collagen
through capillary action, and transforms into oriented apatite crys-
tals. In contrast, Deshpande and Beniash (2008) proposed that
pAsp binds to collagen and creates a local supersaturation of cal-
cium ions, and mineralization would occur directly in the ﬁbril.
Regardless of mechanism, which is discussed further below, these
results were signiﬁcant in introducing a new concept and under-
standing about how collagen mineralization may be induced. They
results suggest that it is the polyelectrolytic nature of NCPs that is
critical in promoting intraﬁbriallar mineralization through the sta-
bilization of ACP particles. One interesting point is that just as pAsp
does not have a secondary structure, the highly acidic domains of
proteins are also generally considered intrinsically disordered (De-
lak et al., 2009; Evans, 2003). It has been proposed that the disor-
der and lack of folding in these domains allows maximum
conformational freedom to interact with the crystal surfaces (re-
viewed in (Hunter et al., 2010)). It is notable, however pAsp addi-
tives did not lead to preferential mineral formation to the gap
region, as occurs in vivo (Fig. 2C), but induced mineralization
throughout the entire ﬁbril. The issue of mineral formation in the
gap region will be discussed in more detail in Section 4.
Mechanistic information on how pAsp induces mineralization
has been obtained in more recent studies. It has been demon-
strated that the interaction of the polymer with the incipient
mineral results in a negatively charged complex that interacts
with a positively charged region at the C-terminus end of the
gap zone, thus mediating the inﬁltration of the ACP into the ﬁ-
bril (Nudelman et al., 2010). These mineral-pAsp complexes
may correspond to the liquid-like droplets described by (Olszta
et al., 2007) and to calcium phosphate aggregates formed on
the surface of collagen, as suggested by (Deshpande and Beniash,
2008). Besides forming complexes with ACP, pAsp was also
shown to interact with the collagen, through binding of its car-
boxylate groups to the surface of the ﬁbril (Zeiger et al., 2011).
This interaction between collagen and the polymer is essential
for the mineralization process and controls the rate of mineral
formation, as has been proposed by both Deshpande and Beniash
(2008) and Olszta et al. (2007).
Fig.2. (A). Schematic representation of the proposed mechanisms of collagen mineralization directed by polyaspartic acid (pAsp). (a) The polymer stabilizes the formation of
liquid-like ‘‘droplets’’ of amorphous calcium phosphate (ACP), which inﬁltrate into the collagen. (b) Collagen becomes completely impregnated with ACP. (c) The ACP
transforms into oriented apatite crystals inside the collagen. (B) Transmission electron microscopy image (TEM) of a collagen ﬁbril containing ACP during mineralization in
presence of pAsp. (C) TEM image of a collagen ﬁbril mineralized in presence of pAsp, where all the ACP has already converted into oriented apatite crystals. Inset: electron
diffraction of the ﬁbril demonstrates that the mineral phase is apatite and the crystals are oriented with their c-axis parallel to the direction of the ﬁbril. Adapted from (Olszta
et al., 2007), with permission from Elsevier, Copyright (2007).
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The use of a simple synthetic polymer as a proxy for NCPs was
critical for understanding basic principles such as the effect of
charge interactions, inhibition of nucleation in solution, stabiliza-
tion of the amorphous phase and mineral-collagen interactions.
The next step is to replace the synthetic polymers by recombinant
NCPs, in order to probe the roles of speciﬁc proteins.
Dentin phosphophoryn (DPP) is a protein that is involved both
in dentin (Dimuzio and Veis, 1978) and bone mineralization
(George and Veis, 2008). It is rich in aspartic acid and serine with
a repeat motif of Asp-Ser-Ser, where 90% of all serines are phos-
phorylated (Stetler-Stevenson and Veis, 1983). This protein binds
selectively to the e-band in the gap region of collagen (Traub
et al., 1992). Its ability to induce apatite nucleation is dependent
on its degree of phosphorylation (He et al., 2005b). Collagen min-
eralization experiments in the presence of DPP have shown that
this protein, in its non-phosphorylated form, induces only the for-
mation of ACP on the surface of ﬁbrils (Fig. 3A). However, when
phosphorylated, it promotes intraﬁbrillar mineralization of colla-
gen with apatite (Deshpande et al., 2011) (Fig. 3B). Even though
this protein binds to collagen speciﬁcally at the region between
the gap and overlap zones, mineralization still occurred homoge-
neously along the collagen. Thus, it has been proposed that the
mechanism of action of phosphorylated DPP (p-DPP) is similar to
that of polyaspartic acid, in that it inhibits calcium phosphate pre-
cipitation in solution, allowing the mineral to inﬁltrate into the col-
lagen. Here, the phosphorylation is thought to play an important
role in increasing the charge density of the protein and thus
enhancing the inhibitory effect over calcium phosphate
precipitation.
Similar studies were performed on dentin matrix protein 1
(DMP1). This protein is also involved in bone (MacDougall et al.,
1998) and dentin mineralization (George et al., 1993) and it con-
tains high levels of serine, glutamic acid and aspartic acid in its
amino acid sequence, (George et al., 1993). Like DPP, this protein
is also highly phosphorylated. It has been shown by in vitro crystal-
lization experiments in a gel-like medium that the N-terminus of
DMP1 can stabilize the formation of amorphous calcium phos-
phate, while the C-terminus end is a very strong nucleator of apa-
tite (Gajjeraman et al., 2007; He et al., 2003). Experiments on
collagen mineralization by DMP1 yielded similar results to those
obtained with DPP. Intraﬁbrillar mineralization occurred only
when the phosphorylated form (p-DMP1) of the protein was used
(Deshpande et al., 2011) (Figs. 3C–D). However, while with p-DPP
no calcium phosphate was found outside of the collagen, in the
case of p-DMP1 a signiﬁcant amount of mineral was found alsooutside the ﬁbrils (Fig. 3D). On the other hand, the intraﬁbrillar
apatite crystals formed in presence of p-DMP1 had a higher degree
of crystallographic alignment with respect to the ﬁbril than those
formed with p-DPP (Fig. 3B and D). It has been proposed that, in
comparison to p-DPP and pAsp, p-DMP1 is a weak inhibitor of apa-
tite nucleation. The activity of p-DMP1 was suggested to be related
to the formation of protein–mineral complexes that organize on
the surface of the ﬁbrils from where mineralization starts. This
hypothesis is consistent with the ability of DMP1 to form supramo-
lecular assemblies in the presence of calcium ions (He et al.,
2005a).
Not only highly charged, polyanionic proteins can promote
intraﬁbrillar collagen mineralization. Amelogenin, a hydrophobic
protein that is involved both in enamel and dentin formation (Nan-
ci et al., 1998; Papagerakis et al., 2003), was shown to promote
apatite formation inside collagen ﬁbrils in vitro (Deshpande et al.,
2010). This protein can form ﬁlamentous structures on the collagen
in the absence of mineral. In the presence of calcium phosphate, it
organizes the mineral, in the form of ACP, on the surface of the ﬁ-
bril. Subsequently, the ACP enters the collagen and nucleates into
apatite crystals. It is interesting that the ACP particles, when on
the surface of the collagen, are assembled in the form of ﬁlaments
that have their long axis aligned parallel to the long axis of the ﬁ-
bril (Deshpande et al., 2010). The assembly of the ACP particles into
such ﬁlamentous structures has been shown to be mediated by the
charged C-terminus domain of amelogenin (Beniash et al., 2005;
Fang et al., 2011). The mechanism of collagen mineralization by
amelogenin has been hypothesized to be similar to that of DMP1,
namely to act by inducing the formation of ordered mineral com-
plexes on the surface of the ﬁbril, which then enter the collagen.
In that respect, in the absence of collagen, both DMP1 and amelo-
genin were shown to organize mineral particles into bundles of
crystals with their c-axes co-aligned (Beniash et al., 2005; Desh-
pande et al., 2011).
When comparing the proposed mechanism of action of pAsp,
and p-DPP with that of DMP1 and amelogenin in promoting colla-
gen mineralization, there are striking differences. As discussed,
pAsp and p-DPP act as inhibitors of homogenous apatite nucle-
ation, stabilizing the formation of ACP complexes, which inﬁltrate
into the collagen. This mechanism does not require any speciﬁc
interaction between these charged macromolecular control agents,
the mineral and the collagen, such as the formation of ordered
supramolecular assemblies or molecular association to speciﬁc
sites in the ﬁbril. In contrast, both amelogenin and DMP1 self-
assemble into ordered supramolecular complexes in presence of
calcium ions and organize the minerals in aligned bundles on the
surface of the collagen prior to mineralization. Here, it is likely that
Fig.3. (A) Transmission electron microscopy (TEM) image of collagen mineralized in presence of dentin phosphophoryn. (B) TEM image of collagen mineralized in presence of
phosphorylated dentin phosphophoryn 1. Asterisk: apatite crystals formed extraﬁbrillarly. (C) TEM image of collagen mineralized in presence of dentin matrix protein 1. (D)
TEM image of collagen mineralized in presence of phosphorylated dentin matrix protein 1. Adapted from (Deshpande et al., 2011), with permission. Copyright (2011)
American Chemical Society.
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tions between the collagen and the ACP. Rather, it is conceivable
that speciﬁc interactions between the mineral, protein and colla-
gen do take place, and are important for mineralization. This would
imply that mineral formation in collagen can be mediated through
more than one mechanism.
Other proteins have also been shown to promote collagen min-
eralization. Fetuin, a protein that is abundant in serum and inhibits
pathological precipitation of calcium phosphate in the serum, soft
tissues and in the extracellular matrix, promotes intraﬁbrillar min-
eralization of collagen in vitro (Nudelman et al., 2010; Price et al.,
2009). It has been proposed that fetuin inhibits the formation of
mineral in solution, allowing the calcium and phosphate ions to
enter the collagen. Fetuin itself is too large to penetrate into the
collagen and thus remains in solution. Price et al. (2009) argue that
inhibitors of apatite nucleation that are small enough to enter the
collagen will, in fact, also inhibit the intraﬁbrillar mineralization.
Thus, to achieve mineral formation in the collagen it is essential
that the directing agent – fetuin, in this case – be excluded from
the internal volume of the ﬁbril. This mechanism has been termed
‘‘mineralization by inhibitor exclusion’’, and stands in contrast to
the mechanism proposed for pAsp by Olszta et al. (2007), in which
pAsp enters collagen together with the mineral. In fact, the exper-
iments with fetuin showed that it is not required that macromole-
cules enter the collagen to induce intraﬁbrillar mineralization.
The above studies raise an important point regarding the classi-
ﬁcation of NCPs as either promoters or inhibitors of mineralization.This classiﬁcation derives in many cases from in vitro studies
showing whether the proteins induce or inhibit the formation apa-
tite when in solution or immobilized on a surface (George and Veis,
2008). However, the studies presented above demonstrated that
inhibitors of apatite nucleation in solution in fact promote intra-
ﬁbrillar collagen mineralization. Notable examples are pAsp, pAA,
fetuin and p-DPP (Deshpande et al., 2011; Liu et al., 2011; Olszta
et al., 2007; Price et al., 2009). This highlights the need to specify
the context when classifying a protein as a mineral promoter or
an inhibitor.
2.3. Demineralized collagenous tissues as mineralization substrate
The above experiments were mostly performed on reconsti-
tuted collagen, which lacks the collagen-bound macromolecules
present in native tissues, as well as collagen cross-linking. In this
respect, models that use demineralized tissues as the mineraliza-
tion substrate have an advantage, since they still contain some of
the non-collagenous macromolecules that were present during
mineralization of the tissue and are involved in controlling mineral
formation. Examples are turkey leg tendon (Freeman and Silver,
2005; Jee et al., 2011), demineralized bone (Chen et al., 2005; Price
et al., 2009; Thula et al., 2011) and periodontal ligament (Kirkham
et al., 1995). Recently, a model using ﬁxed, demineralized murine
periodontal tissues has been developed to study the molecular fac-
tors that control collagen mineralization (Lausch et al., 2013).
These tissues contain very well deﬁned mineralized and
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for a direct comparison between hard and soft tissues. In this work,
Lausch et al. have shown that in demineralized tissue sections ex-
posed to simulated body ﬂuid, the natively mineralized tissues
(cementum and dentin) are selectively remineralized over the peri-
odontal ligament, which is a soft tissue (Fig. 4).
Achieving precise spatial control over mineral formation (mim-
icking the natural pattern of mineralization), in a solution without
any organic additives, shows that the extracellular matrix itself can
regulate the rate of mineral deposition in different tissues. While
the mineral formed from simulated body ﬂuid was ACP, in other
mineralizing solutions containing pAsp, oriented apatitic mineral
was formed, which suggests that soluble macromolecules are nec-
essary to mimick the native collagen-mineral relation. It is notable
the rate of mineralization differed not only between hard and soft
tissues, but also among the mineralized tissues themselves. Dentin
and cementum mineralized faster than bone, while peritubular
dentin was preferentially mineralized over intertubular dentin.
This may result from the different content and distribution of NCPs
such as dentin sialoprotein, osteopontin, proteoglycans and other
proteins within the tissues, and may also correlate with differences
in the collagen itself, such as cross-linking and collagen type. Ulti-
mately this model may be useful in probing the roles of speciﬁc
molecules in the mineralization process through a top-down ap-
proach in which different components are selectively removed by
enzymatic digestion prior to remineralization. Although there are
limitations to using ﬁxation to retain non-collagenous macromole-
cules, the multiple-level of control demonstrated by this system
suggests that much can be learned from it.3. The role of precursor phases
In vivo experiments show that an amorphous precursor phase is
delivered by osteoblasts to the collagen ﬁbrils at the bone growth
front (Mahamid et al., 2010, 2011). An important question that
arises is how the ACP penetrates into the collagen. Here, we pro-
pose two different scenarios. One possibility is that inﬁltration of
calcium phosphate into the collagen could occur through a dissolu-
tion-re-precipitation mechanism, where once deposited in the
extracellular medium, the ACP could dissolve and the ions diffuse
into the collagen. This hypothesis reconciles the idea that mineral-
ization occurs through the diffusion of ions into the collagen and
their subsequent nucleation into apatite (Silver and Landis,
2011). There is no evidence, however, for dissolution of the ACP
and re-precipitation inside collagen. A second hypothesis is thatFig.4. (A) TEM image of tissue remineralized with simulated body ﬂuid for 13 days, sho
junction (arrow). Contrast is given by the presence of mineral – areas of high electron d
whereas areas with low electron-density (the periodontal ligament) remains unminerali
from Lausch et al. (2013), with permission. Copyright (2013) WILEY-VCH Verlag GmbHthe ACP itself enters the collagen. It was initially proposed that
ACP exists in a liquid-like state which can diffuse into the collagen
through capillary forces (Gower, 2008; Olszta et al., 2007). Later
studies showed that the inﬁltration of the ACP into the collagen
is mediated by charge interactions between the polymer-mineral
complex and the ﬁbril (Nudelman et al., 2010; Zeiger et al., 2011)
at speciﬁc sites in the collagen. In this process, it is not immedi-
ately clear whether pAsp enters the collagen ﬁbril together with
the mineral, and whether the inﬁltration process is solely depen-
dent on charge interactions and/or capillary forces, or if additional
factors are also involved. It is known, however, that it is not neces-
sary that pAsp inﬁltrates into the collagen for mineralization to be
induced (Nudelman et al., 2010; Price et al., 2009).
In vitro studies have also shown that the size of the ACP aggre-
gates is important for the mineralization, in that smaller aggre-
gates result in faster inﬁltration into the ﬁbril and apatite
formation (Nudelman et al., 2012) (Fig. 5). These results are in
accordance with the size-exclusion characteristic of collagen,
which limits the size of molecules that can penetrate into the ﬁbril.
Molecules that are larger than 40 kDa do not to diffuse into the col-
lagen, while the ones smaller than 6 kDa can easily penetrate into
the ﬁbril (Toroian et al., 2007). It is interesting that using polyas-
partic acid (pAsp) with higher molecular weight caused the miner-
alization to proceed faster and increased the mineral content
inside the ﬁbril (Jee et al., 2010). In this case, it has been proposed
that the rate of collagen mineralization is connected with the sta-
bility of the ACP in the solution. Higher molecular weight polymers
have a higher inhibitory effect on apatite nucleation and may sta-
bilize the ACP in the form of small particles, or ‘‘nanodroplets’’, for
longer periods when compared to lower molecular weight poly-
mers. These nanodroplets are small enough to inﬁltrate into the
collagen, yielding a higher mineral content.
In remineralization experiments on demineralized mouse peri-
odontal tissue sections, Lausch et al. evaluated the mineral phase
formed from a series of metastable calcium phosphate solutions
stabilized by pAsp. They showed that when the overall rate of min-
eral deposition was slow, only ACP was formed, while with a high-
er rate of mineral deposition, oriented apatite crystals formed
(Lausch et al., 2013). They suggest that the more rapidly formed
ACP is less stable, and therefore more rapidly transforms into apa-
tite. This hypothesis is corroborated by mineralization experiments
performed in the presence of copper ions (Nudelman et al., 2012),
which are known to stabilize ACP and inhibit its transformation
into apatite (Okamoto and Hidaka, 1994). ACP formed with simu-
lated body ﬂuid or in the presence of copper ions remains stable
for long periods of time (Nudelman et al., 2012). The above resultswing the sharp mineralization front at the cementum (C) /periodontal ligament (L)
ensity (cementum, mantle dentin (MD) and circumpulpal dentin) are mineralized,
zed. (B) TEM image of demineralized section, where no mineral is present. Adapted
& Co. KGaA, Weinheim.
Fig.5. CryoTEM images of collagen mineralized with calcium phosphate for 24 h in presence of different concentrations of pAsp. (A) 1.5 lg/ml of pAsp. White arrows: apatite
crystals nucleating and growing within the amorphous calcium phosphate phase. (B) 3 lg/ml of pAsp. (C) 6 lg/ml of pAsp. (D) 10 lg/ml of pAsp. White arrows: amorphous
calcium phosphate (ACP) particles inﬁltrating into the collagen. The higher the concentration of pAsp, the larger the ACP aggregates. (A–C) adapted from (Nudelman et al.,
2012), with permission, Copyright (2010), Macmillan Publishers Ltd. (D) Adapted from (Nudelman et al., 2010), with permission of the Royal Society of Chemistry, Copyright
(2012).
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der to diffuse into the collagen, but not too stable to the point that
their crystallization into apatite inside the collagen is inhibited.
Based on these in vitro studies, it is tempting to assume that the
ACP that deposits on the collagen ﬁbrils in vivo will have similar
characteristics as reported in vitro – negative net charge and com-
posed of loosely packed aggregates of calcium phosphate com-
plexes that could diffuse into the collagen. However, whether
this is indeed the case still needs to be veriﬁed.
4. Mineralization starting in the gap region
The factors that direct nucleation in the gap region of collagen
remain elusive. Several in vitro approaches have been used to
investigate the mechanisms underlying the spatial speciﬁcity of
apatite formation in the collagen. Analysis of the amino acid se-
quence and structure of collagen has shown that the speciﬁc site
in the gap region where crystals have been reported to nucleate
(Traub et al., 1992) contains clusters of both positively and
negatively charged amino acids. (Chapman, 1974; Chapman and
Hardcastle, 1974; Dahl et al., 1998) It has been suggested that
the side-chains of these amino acids could form a 3-dimensional
environment capable of coordinating calcium and phosphate ions
and thus providing nucleation sites for apatite (Dahl et al., 1998;
Landis and Silver, 2002; Silver et al., 2001; Silver and Landis,
2011). Furthermore, it has been proposed that the preferential
binding of calcium and phosphate ions to the gap zone could alsobe a consequence of the ﬂexibility of this region (Landis and Silver,
2002; Silver et al., 2001). However, most of the in vitro studies have
reported that the apatite crystals nucleate equally in the gap and
overlap regions, suggesting that there must be an additional mech-
anism that directs apatite formation to speciﬁc sites (Deshpande
and Beniash, 2008; Nudelman et al., 2010; Olszta et al., 2007). An
additional hypothesis is that the gap regions of adjacent ﬁbrils cre-
ate channels that provide space and allow the mineral to form
(Katz and Li, 1973; Landis et al., 1996, 1991; Landis and Song,
1991; Landis et al., 1993). Although space constraints may indeed
play a role, the fact that in vitro apatite nucleation in the collagen
was observed both in the gap and overlap regions, suggests that
availability of space does not limit crystal growth (Deshpande
and Beniash, 2008; Nudelman et al., 2010; Olszta et al., 2007). In
fact, the crystals are capable of pushing away the collagen mole-
cules as they grow, thus allowing mineral formation in the overlap
region as well (Fratzl et al., 1993; Nudelman et al., 2010, 2012).
It has been proposed that non-collagenous proteins could also
direct the formation of apatite to the gap region (Dahl et al., 1998;
Traub et al., 1992). Several in vitro studies on the interactions be-
tween these proteins and the collagenhave shown that dentin phos-
phophoryn (DPP), dentin matrix protein 1 (DMP1) and bone
sialoprotein (BSP) are all capable of binding to the gap region of col-
lagen (He andGeorge, 2004; Traub et al., 1992; Tye et al., 2005). DPP,
in particular, binds predominantly to the collagen e-band, which is
the site where apatite crystals are observed to nucleate (Traub et al.,
1992). However, in the in vitro mineralization experiments
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tite formation in the gap zone (Deshpande et al., 2011). It is notable
that in remineralization of demineralized mouse dentin banding
was observed in remineralized collagen ﬁbrils (Lausch et al.,
2013). This is in contrast to most reconstituted collagen systems,
and supports the notion thatNCPs could direct preferential gap zone
mineralization, as in the demineralized tissuemodel some NCPs are
retained by simultaneous ﬁxation during demineralization (Mckee
et al., 1991). Recently, preferential apatite formation in discrete
bands along the collagen ﬁbril was obtained using a combination
of polyacrylic acid (pAA) and inorganic polyphosphates as additives
to induce intraﬁbrillar mineralization of collagen (Liu et al., 2011)
(Fig. 6). The authors hypothesize that the regions where themineral
form correspond to the gap zone of collagen, thus mimicking in vivo
collagen mineralization. However, it is not clearly demonstrated
whether the mineralized regions do correspond to the gap zones.
The pAA, in this system, has a function that is similar to that of pAsp,
in that it promotes intraﬁbrillar mineralization. However, while
pAsp induces the formation of discrete crystals homogeneously dis-
tributed throughout the ﬁbril, pAA induces the formation of long
crystals of apatite that ﬁll the intermolecular spaces in the ﬁbril.
The combination of pAA with polyphosphates promotes the forma-
tion of smaller, discrete crystals in periodic bands within the colla-
gen. The authors suggest that the polyphosphates replicate the
purported function DPP, DMP1 and BSP in directing the mineraliza-
tion to the gap region (Dai et al., 2011; Liu et al., 2011). They hypoth-
esize that similar to DPP, DMP1 and BSP, polyphosphates bind to the
collagen at the gap region, and from there template apatite
nucleation. However so far, no direct experimental evidence was
provided in this regard.5. The role of collagen in mineralization
One of the main questions regarding collagen mineralization is
the nature of the collagen–mineral interactions. On the one hand, it
is well known that collagen alone does not induce hydroxyapatite
formation, requiring the presence of NCPs (Bradt et al., 1999; Hun-
ter et al., 2001; Saito et al., 1997). On the other hand, the structure
of collagen is necessary to guide the organization and growth of
the crystal. Mutations in the amino acid sequence of collagen, as
in osteogenesis imperfecta, can seriously impair the formation, ori-
entation and organization of the apatite crystals, which signiﬁ-
cantly increases the brittleness of bone (Fratzl et al., 1996).
Therefore, it is clear that there is a relationship between the ﬁbrilFig.6. (A) Collagen mineralization in presence of polyacrylic acid. Mineralization is homo
characteristic of hydroxyapatite. (B) Collagen mineralization in presence of polyacrylic a
the collagen. Adapted from (Liu et al., 2011), with permission from Elsevier. Copyright (structure and mineral formation. Several in vitro methods have
been developed that simplify the physiological process of collagen
mineralization to the point that one can investigate speciﬁcally the
collagen-mineral interactions, from the atomic level to the
micrometer level. These in vitromethodologies have allowed scien-
tists to investigate the involvement of collagen in controlling the
inﬁltration of calcium phosphate into the collagen; nucleation of
apatite; control over crystal size and morphology; and orientation
of the crystallographic c-axis of the apatite crystals with respect to
the ﬁbrils.
5.1. The role of collagen in controlling mineral inﬁltration and apatite
nucleation
The development of an in vitro system by Olszta et al. (2007)
where intraﬁbrillar mineralization of single collagen ﬁbrils was
achieved by replacing the NCPs with a single synthetic polymer
have provided an excellent platform to investigate collagen-apatite
interactions during mineralization. Combining this in vitro system
with cryogenic transmission electron microscopy and tomography
(Frederik and Sommerdijk, 2005; Nudelman et al., 2011), it was
shown that collagen controls two very important steps in mineral-
ization – the inﬁltration of the mineral phase, in the form of an
amorphous precursor, into the ﬁbril, and its subsequent transfor-
mation into oriented apatite crystals (Nudelman et al., 2010). Poly-
aspartic acid, which was used as a mineralization-directing agent,
forms a negatively charged complex with ACP, which interacts
with a positively charged region of collagen at the C-terminus
end region of the gap zone (Fig. 7A–B and D–E). This charge inter-
action between the pAsp-ACP complex and the collagen is what
mediates inﬁltration of the mineral into the ﬁbril. The nucleation
of apatite is induced by nucleation sites formed by clusters of
charged amino acids that are present throughout the 67 nm repeat
of the collagen (Fig. 7C and F). These results provided the ﬁrst
experimental evidence of the active role of collagen in controlling
mineralization. They support the notion that the charged groups in
the collagen provide nucleation sites that induce nucleation of apa-
tite (Kawska et al., 2008; Landis and Silver, 2009; Silver and Landis,
2011). It is also conceivable that the 3-dimensional arrangement of
the charged groups presents a surface that forms an epitaxial tem-
plate that controls the crystallographic orientation of the incipient
crystals. In this case, however, one could also argue that it is due to
spatial constrains that the apatite crystals nucleate and grow with
their c-axis parallel to the long axis of the ﬁbril. Since the collagen
molecules are aligned in the axial direction of the collagen ﬁbril, itgeneous throughout the ﬁbril. Inset: electron diffraction pattern, showing reﬂections
cid and sodium tripolyphosphate. Mineralization occurs speciﬁcally in bands along
2011).
Fig.7. (A) CryoTEM image of non-mineralized collagen stained with uranyl acetate. Staining bands are labeled according to (Chapman et al., 1990). White circle: 10 nm gold
marker for electron tomography. (B) CryoTEM image of collagen mineralized for 24 h and stained with uranyl acetate. Calcium phosphate is associated to the ﬁbril in a regular
pattern, following the staining bands (black arrows). (C) CryoTEM image of a ﬁbril mineralized for 48 h and stained with uranyl acetate. Apatite crystals are found within an
amorphous calcium phosphate bed, which can still be seen inﬁltrating into the ﬁbril through the a-band (inset 1, black arrow). Insets 2–5 show crystals nucleating on the
staining bands. (D) Intensity proﬁle of A, non-mineralized collagen. Labels in the peaks are according to the corresponding staining band. (E) Intensity proﬁle of B, collagen
mineralized for 24 h. (F) Histogram of the distribution of the number of nucleating crystals per staining band. Scale bars: 50 nm. Adapted from (Nudelman et al., 2010), with
permission, Copyright (2010), Macmillan Publishers Ltd.
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tially aligned parallel to the ﬁbril. Nevertheless, even though colla-
gen actively controls mineral formation, intraﬁbrillar
mineralization only occurs in the presence of inhibitors of apatite
nucleation in solution. While these experiments were performed
on reconstituted single collagen ﬁbrils, it was later demonstrated
the same method could be used to induce intraﬁbrilar mineraliza-
tion of dense 3-dimensional collagenous matrices (Nassif et al.,
2010). More recently, Wang et al. (2012) succeeded in achieving
collagen mineralization in vitro without the use of polymer addi-
tives as mineralization directing agents, further demonstrating
that it is possible that collagen directs apatite nucleation and
growth. In this study, they were able to achieve intraﬁbrillar min-
eralization of high density matrices, however it was necessary to
impregnate the collagen with high concentrations of calcium,
phosphate and carbonate ions during ﬁbrilogenesis. In addition,
Wang et al. (2012) did not discard that in vivo, extracellular matrix
proteins such as NCPs may have the function of driving the mineral
ions into the collagen, similar to the action exerted by polyaspartic
acid in vitro. The most important conclusion from these in vitro
model studies is that collagen is not a passive scaffold as has been
previously thought; rather, it actively controls and templates apa-
tite formation during mineralization by directing ACP inﬁltration
and mediating its nucleation into the crystalline phase.
The role of collagen cross-links on mineralization has also been
investigated in vitro. This issue is important since the reconstituted
collagen normally used in the mineralization experiments lacks the
cross-linking between the molecules that is present in the ﬁbrils inliving mineralizing tissue. Li et al. (2012) demonstrated that cross-
linking, in fact, enhanced the mineralization of the collagen. The
authors proposed that when the molecules were cross-linked, the
spaces between the collagen molecules in the ﬁbril increased,
allowing easier diffusion of the ACP particles. These results need
to be taken with care, though, since the cross-links induced
in vitro were substantially different from the ones that are present
in vivo. In this work, the reaction of carbodiimide with N-hydroxy-
succinimide was used to form amide bonds between the collagen
molecules (Kuijpers et al., 2000). In bone, the cross-links are based
on aldehyde formation and condensation between peptidyl lysine
and hydroxylysine residues, which results in immature ketoimine
cross-links that subsequently matures to pyridinoline and pyrrole
cross-links (Knott and Bailey, 1998; Veis, 1997).
5.2. The role of collagen in controlling the crystallographic orientation
of the apatite crystals
The regulation of the crystallographic orientation of the apatite
crystals in bone and dentin is also an important question. It has
been hypothesized that stereochemical features of collagen may
be fundamental in directing ion binding, apatite nucleation, crystal
size, shape, orientation and alignment (Landis and Silver, 2009; Sil-
ver and Landis, 2011). The above in vitro mineralization models
suggest that this hypothesis may indeed be correct, since the addi-
tives used as mineralization-directing agents probably do not pro-
vide an epitaxial relationship with apatite (Olszta et al., 2007).
Collagen mineralization has been achieved using fetuin as an
F. Nudelman et al. / Journal of Structural Biology 183 (2013) 258–269 267additive, a protein that is too large to inﬁltrate into the ﬁbril. In this
case, only the collagen can be responsible for inducing oriented
nucleation (Nudelman et al., 2010). Furthermore, oriented nucle-
ation of apatite and the formation of well-organized arrays of crys-
tals were only observed when the collagen ﬁbril was well
organized. Poorly organized ﬁbrils contained only randomly ori-
ented crystals, indicating the absence of a structural template for
mineral formation (Chen et al., 2005; Nudelman et al., 2012).
One must still take into account that all these experiments were
performed in vitro, using synthetic components to replace the pro-
teins responsible for directing mineralization. In the biological tis-
sue, where all the NCPs are present, it still cannot be discarded that
these proteins will also play a role in inducing oriented nucleation
and alignment of the apatite crystals with respect to the collagen.
DMP1, for instance, was shown to orient apatite crystals both in-
tra- and extraﬁbrillarly (Deshpande et al., 2011).6. Outlook
Using in vitro models to investigate collagen mineralization has
provided several important advances in our understanding on col-
lagen mineralization in the contexts of bone and dentin formation.
The inﬁltration of the ACP into the collagen is dependent on a num-
ber of factors, such as particle size, stability of the ACP and net
charge. Controlling these parameters is part of the function of
the NCPs, some of which induce collagen mineralization on their
own and are thought to direct the mineral preferentially to the
gap region. It has also been shown that collagen is an active scaf-
fold which provides an appropriate environment for mineral inﬁl-
tration through charge interactions with the ACP and mediates its
crystallization into apatite crystals. Here, the ﬁbrillar structure of
collagen is essential to produce an organized array of crystals with
the same crystallographic orientation. These conclusions represent
important mechanistic details on collagen mineralization that
could only be obtained through a reductionist approach, which al-
lowed each parameter to be isolated and individually investigated.
It must be noted that all the above conclusions were derived
from synthetic systems that contained very few components, as
opposed to the complex environment found in vivo. Furthermore,
in vitro systems cannot replicate the dynamic biochemical and cel-
lular processes that occur in the living tissue. However, the insights
obtained from the in vitromodels constitute the ﬁrst step in unrav-
eling the mechanisms of collagen mineralization in vivo. Applying
the knowledge obtained from in vitro models to in vivo investiga-
tions is the next step toward answering remaining questions on
the molecular mechanisms of mineralized tissue formation, with
increasing physiological signiﬁcance. A very important question
that cannot be addressed through in vitro experiments however,
is the origin of the calcium phosphate that is deposited in the col-
lagen. This issue has been the subject of discussion for a long time,
with two major hypotheses. First the crystals are actively nucle-
ated from the interstitial ﬂuid, which is supersaturated with re-
spect to multiple calcium phosphate phases. In this case, apatite
formation is largely controlled by the NCPs that are associated to
the collagen (Glimcher and Muir, 1984; Veis and Perry, 1967). Sec-
ond, matrix vesicles accumulate ions and are transported to the
bone growth front (Ali et al., 1970; Anderson et al., 2005).
Regarding the presence of matrix vesicles, it has been recently
demonstrated in in vivo experiments that osteoblasts concentrate
calcium phosphate, presumably as amorphous calcium phosphate,
within intracellular compartments. This precursor phase is then
delivered to the collagen at the bone growth front, where it inﬁl-
trates the ﬁbrils and crystallizes into apatite (Mahamid et al.,
2010, 2011). It was further suggested, based on cell culture exper-
iments, that the intracellular ACP deposits originate from themitochondria (Boonrungsiman et al., 2012). It is possible that
phosphate ions are condensed in the form of polyphosphates,
which then complex calcium ions, forming storage granules that
can be transported to the extracellular medium (Omelon et al.,
2009). The polyphosphates then are degraded by alkaline phospha-
tase, releasing calcium and phosphate ions for mineralization.
Polyphosphates, as a medium to store calcium and phosphate
within cells, is an effective way to decrease the free ion concentra-
tions, enabling them to contain high concentrations of calcium and
phosphate, without precipitating apatite crystals in the intracellu-
lar compartments. These issues certainly could not have been
investigated using in vitro systems. Much work still needs to be
done to completely understand how the mineral is accumulated
into the cells, how it is transported, and its chemical composi-
tion/phase, etc. Here, we believe that only in vivo and in situ meth-
ods, where the biological tissue is directly investigated during
collagen mineralization can provide the answers to these issues.
The availability of techniques such as cryoTEM and tomogra-
phy, cryo-scanning electron microscopy, electron diffraction,
chemical analysis (EDX/EELS), gene knock-out, and molecular
modeling, allows the investigation of the mechanisms of mineral-
ization with nanometer resolution while ensuring the preservation
the molecular structures in a close to native state. Thus, important
questions such as how the ACP inﬁltrates into the collagen; depo-
sition of mineral by the cells; sub-cellular localization of mineral
and proteins; intracellular transport mechanisms; and the spatial
and temporal relationship between collagen, ACP and the NCPs
can be addressed, providing new insights into the function of the
key players in collagen mineralization. A very important issue,
and perhaps the most challenging, is to understand how the differ-
ent components (i.e. the collagen, the NCPs, and the mineral) inter-
act with each other and function in synergy to control
mineralization. A combination of both in vitro and in vivo studies
can lead to very powerful approaches to understand the mecha-
nisms of formation of the hard tissues in the body.
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